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Abstract In this paper, we present a model that estimates

the time duration of routes formed by several intermediate

nodes in mobile multi-hop ad-hoc networks. First, we

analyze a 3-node route, where only the intermediate node is

in movement while source and destination nodes remain

static. From this case, we show how route duration is

affected by the initial position of the intermediate node and

the size of the region where it is located. We also consider

a second case where all nodes of 3-node routes are mobile.

Based on extensive analysis of these routes, we determine

the PDF of route duration under two different mobility

models. This PDF can be determined by either analytical or

statistical methods. The main contribution of this paper is

that the time duration of a route formed by N intermediate

nodes can be accurately computed by considering the

minimum route duration of a set of N routes of 3 nodes

each. Simulation work was conducted using the NS-2

network simulator to verify the accuracy of the proposed

model and to compare it with other proposals found in the

literature. We show that our model is in better agreement

with simulation results as compared with other models.

Results from this work can be used to compute overhead

signaling during route-maintenance of unicast and multi-

cast routing protocols for mobile ad-hoc networks.

Similarly, because route duration decreases with route

length, this study can be used to scale the network size

up/down.

Keywords Ad-hoc networks � Route duration �
MANET

1 Introduction

An ad-hoc network is a collection of nodes forming a tem-

porary network by means of wireless interfaces and without

use of any existing network infrastructure or centralized

administration. Different types of ad-hoc networks are

becoming increasingly popular: Vehicular Ad-hoc Net-

works (VANETs), Wireless Sensor Networks (WSNs) and

Mobile Ad-hoc Networks (MANETs). In MANETs, the

nodes self-organize and are free to move randomly. The

network topology may thus change rapidly and unpredict-

ably. Such a network may operate in a standalone fashion, or

may be connected to the Internet. MANETs became a pop-

ular subject for research as laptops and 802.11/Wi-Fi

wireless networks were widespread in the late 1990s. Degree

of mobility is an important factor and a key research issue in

MANET and VANET networks. Although, at this moment,

most sensor applications have zero or low mobility, it can be

anticipated that future sensor network applications would

also involve some degree of mobility [5].

Due to the limited transmission range of wireless radio

transceivers, there may be a need for one or multiple

nodes (intermediate forwarding nodes) working as relays

(multi-hop routing) between source-destination pairs in an
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ad-hoc network. The number of intermediate nodes will

depend on the distance between source and destination

nodes, the transmission range and node density. Traffic

relaying in mobile ad-hoc networks, however, is a difficult

task. Node mobility, signal interference and power outages

make the network conditions change frequently. As a result,

any link along a route may fail at some point, forcing the

nodes to find another route. It is clear that route duration

strongly depends on the node mobility pattern, and that it

would be convenient to compute this duration in advance.

Since to a large extent, the degree of mobility deter-

mines route duration, an analytical study of route duration

is of crucial importance. Such a study can be used to

anticipate route disruption and to avoid the degradation of

system performance. Knowledge of route duration can be

used to select an alternative route before the current one

fails and it can also be used to decrease or limit packet

losses and latency due to overhead signaling during route

reconstruction. Because route duration decreases with route

length, a route duration model could be used to scale the

maximum network size up/down so as to meet minimum

route duration requirements to ensure a satisfactory com-

munication between any pair of nodes.

The main contribution of this paper is that it presents an

analytical study that predicts the time duration of routes in

mobile ad-hoc networks. The study presented in this paper

can be used with different mobility models. Previous

researchers have analyzed this issue, but their results have

limited applicability. The approach hereby presented is

much more powerful and has a higher applicability than

other models as, it is not tied to any specific scenario or

mobility pattern.

The rest of the paper is as follows: Sect. 2 presents a

description of previous work in this area. A study of route

duration of a 3-node route is presented in Sect. 3 for a case

in which only the intermediate node moves. This analysis

explores some factors that affect the route duration prob-

lem. Section 4 describes the procedure to obtain a route

duration model, for routes with 3 mobile nodes, using two

mobility patterns (Random WayPoint and Random Walk).

In Sect. 5, the model is generalized in order to consider

routes with N intermediate mobile nodes. Section 6 pre-

sents simulations using the NS-2 network simulator to

compare the analytical model versus simulation results.

Finally, the paper concludes with Sect. 7 in which our final

remarks are presented.

2 Related work

Work related to route duration in MANETs falls into two

different categories according to the method followed by

the authors, the experimental or analytical category.

Under the experimental category, simulation has been

the main method through which route duration properties

of mobile ad-hoc networks were analyzed in the past.

Simulation-based studies consider several parameters like

the mobility model, the traffic pattern, the propagation

model, etc. The authors in [3] carried out one of the first

studies concerning the analysis of route duration based on

empirical results obtained by simulations. These authors

examined detailed statistics of route duration considering

several mobility models, i.e., Random WayPoint (RWP)

studied in [4], Reference Point Group Mobility (RPGM)

described in [12], Freeway (FW) and Manhattan (MH)

introduced in [2]. In [3] the authors observed that, under

certain conditions (i.e., a minimum speed and routes with

several hops), the time duration of routes can be approxi-

mated by exponential distributions. They evaluated the

effect of the number of hops, the transmission range and

the relative speed of the mobility model on route duration.

However, the authors did not consider the goodness of fit of

any other probabilistic model. Moreover, they did not

justify the selection of an exponential distribution with any

mathematical validation. To deal with this limitation, the

authors in [11] used Palm’s theorem to state that, under

some circumstances (e.g., infinite node density), the life-

time associated to routes with a large number of hops

converges to an exponential distribution. These works

provide a solution for the analysis of paths which is valid

only for routes with a large number of hops. Their study

could thus not be applied to many practical MANET

applications where paths consist of few hops only. In spite

of these limitations, the popularity of the exponential fitting

has been used as a common approximation in some other

works such as in [1]. In [1], the authors presented a sta-

tistical model for estimating route expiration time

adaptively, in order to reduce the control traffic of on-

demand routing protocols.

Under the analytical category, there are several studies

related to route duration in the literature. Even though the

authors of these works followed different approaches to

solve the route duration problem, these results are of

limited applicability since they did not provide an

expression for modeling duration of routes with several

intermediate nodes. The authors in [6], for example, pre-

sented a simplified model of link duration for a single-hop

case. Based on this model, they tried to generalize a model

for a multi-hop route, but they did not provide any closed-

form solution for it. In [10], the authors presented an

analysis of link duration for a two-hop MANET. In this

study, the authors considered an exponential distribution of

route duration and assumed that the source and destination

nodes are static while the intermediate node is moving

using the RWP mobility model. However, they did not

extend their analysis to routes with several hops. The
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authors in [15] assumed that link durations are independent

and exponentially distributed random variables with a

known mean link duration. Based on these assumptions, the

authors derived some expressions to estimate route dura-

tion for single and multiple routes. However, in most cases,

it cannot be assumed that the mean link duration value is a

known parameter. In [19], the authors presented a frame-

work for studying route duration in mobile ad-hoc

networks based on various mobility models, but they did

not present any detailed analytical expressions. The authors

in [16] presented some analytic expressions to characterize

various statistics, such as: link lifetime, new link inter-

arrival time, link breakage inter-arrival time and link

change inter-arrival time, by probabilistic and geometrical

methods. The authors in [20] present statistical models to

evaluate the lifetime of a wireless link in MANETs when

nodes move randomly within constrained areas. Also in

[20], it is shown that link lifetime can be computed through

a two-state Markov model. In [17], the authors propose a

new metric named Mean Residual Path Lifetime which

they used as a criterion to select routes with longer route

duration times instead of the minimum number of hops,

which is a criterion commonly used in MANETs. The

mobility model considered in [9] used fluid-flow tech-

niques to analytically model the average sojourn time of an

intermediate node while it crosses the region formed by the

intersection of the coverage zones between its adjacent

nodes (overlapping region). This model was the first one to

take into consideration the shape and size of the overlap-

ping region. In [9], the authors assumed that intermediate

nodes are found right after entering the overlapping region.

But they did not reflect on the possibility that the for-

warding node is already located within this region, which is

the usual case, so route duration estimated by this model

would be very different from the real value. Although this

model assumed various intermediate nodes, because it

considered all overlapping regions have similar size, the

actual sojourn time for each forwarding node in the route

would be the same, thus route duration predicted by this

model will be the same for routes with one or several

intermediate nodes, which is not realistic. In [18], the

authors derived the joint probability distribution of route

duration using discrete-time analysis for the Random Walk

(RW) model. They based their analysis of route duration

partitioning the MANET network into a number of hex-

agonal cells and assuming that mobile nodes roam around

in a cell-to-cell basis. In [21], the authors described the

probability distribution function of route duration assuming

that nodes move according to a constant velocity model

and derived the statistics of link and route duration in ad-

hoc networks. It is worth mentioning that the analytical

works presented in [18] and [21] are the closest studies to

ours, in the sense that they tried to approach the problem by

analytical means only and they presented comparable

performance metrics, such as route length (number of

hops), transmission range, etc. In Sect. 6, we will present a

comparison between these models and ours.

Although a study of route duration is extremely difficult

to carry out even under simple mobility patterns, in this

paper we present a route duration model aimed to remove

some of the limitations found in previous works. It is

important to point out that there is no general mobility

model that foresees all possible dynamic behaviors of

mobile nodes. The proposed model predicts the time

duration of routes with an arbitrary number of intermediate

nodes, the only assumption we make is that the PDF of

route duration for a 3-node mobile case can be somehow

obtained. This paper considers two mobility models com-

monly used in MANETs studies, i.e., RWP and RW.

3 Route analysis of 3-node routes

Before we approach the route duration problem, it is

important to analyze and understand a simple route scenario

first, where a 3-node route will be analyzed, considering

that only the intermediate forwarding node is moving while

source and destination nodes remain static. Developing this

analysis will allow us to observe the impact different factors

have on route duration in MANETs, including intermediate

node’s initial position and the size of the overlapping

region.

Due to the fact that the actual number of possible shapes

for a coverage zone is endless, the most sensible approach

to model it is by means of a circular area. In most papers

attempting to model route duration by simulation, empiri-

cal or analytical means make use of this assumption or they

at least use regular areas (e.g., hexagonal). In this work, the

transmission range of each node is assumed to be constant,

thus leading to circular coverage zones, as shown in Fig. 1.

Let us denote by R the transmission range.

In any route, intermediate nodes will be found inside the

overlapping region formed by the intersection of the cov-

erage zones between their adjacent route neighbors, see

Fig. 1. As we stated before, the coverage zones are con-

sidered to be circular, thus leading to overlapping regions

with an oval-like shape. Additionally, note that the size of

the overlapping region changes for different intermediate

nodes. Therefore, the sojourn time of a forwarding node

within each region can thus vary significantly. To include

these considerations in the analysis, it is necessary to

consider all possible initial positions and trajectories of

nodes in the route, as well as the different sizes of the

overlapping regions. In order to illustrate this, in Fig. 1 we

show a route from source node S to destination node D

involving several forwarding nodes.
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Let us fix the source and destination nodes at points S(xS,

yS) and D(xD, yD), respectively (as shown in Fig. 2). As we

stated before, the coverage zone of each node has the shape

of a circle with radius R. As illustrated in Fig. 2, factor h is an

indicator of the size of the overlapping region, where h ¼

R� dS�D

2
and dS�D ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðxS � xDÞ2 � ðyS � yDÞ2
q

is the

Euclidean distance between nodes S and D. This factor plays

a crucial role in the operation and performance of routing

protocols for wireless ad-hoc networks. As shown in Fig. 2,

each intermediate forwarding node must be located within

the overlapping region. Let points A(xA, yA) and B(xB, yB) be

the intersection points between both circles. It is easy to show

that the coordinates of points A and B can be found by:

xA=B ¼
�B0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B02 � 4A0C0
p

2A0
;

where xA and xB are the abscissas of points A and B. The

coefficients A0, B0 and C0 are given by:

A0 ¼ 4½ðxS � xDÞ2 þ ðyS � yDÞ2�;
B0 ¼ �4½ðx2

S � x2
DÞðxS � xDÞ þ ðyS � yDÞ2ðxS þ xDÞ�;

C0 ¼ ½ðx2
S � x2

DÞ � ðyS � yDÞ2�2 þ 4ðx2
S � R2ÞðyS � yDÞ2;

and

yA=B ¼
2ðxD � xSÞxA=B þ ðx2

S � x2
DÞ þ ðy2

S � y2
DÞ

2ðyS � yDÞ

where yA and yB are the ordinates of points A and B.

As shown in Fig. 2, point I(xI, yI) is the initial position

of the intermediate node and point O(xO, yO) is the position

where this node leaves the overlapping region. In this

section, we are considering that intermediate node is fol-

lowing a rectilinear trajectory sloped aI degrees, measured

with respect to the horizontal axis, and moving at constant

speed vI. The distance travelled by an intermediate node

moving from I to O (dI-O) can be found by geometric

analysis as:

dI�O aIð Þ ¼
�

�

�

�

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 þ b2
p

sin aI þ dð Þ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � a2 þ b2ð Þ cos2 aI þ dð Þ½ �
p

�

�

�

�

:

ð1Þ

Parameters a, b and d, found in Eq. 1, must be computed

separately to analyze the link between source node–

intermediate node and the link between intermediate

node–destination node. When the intermediate node

crosses over the border of the source node coverage

zone, parameters a, b and d are:

a ¼ yI � yS; b ¼ xI � xS and d ¼ arctan
b

a

� �

otherwise

a ¼ yI � yD; b ¼ xI � xD and d ¼ arctan
b

a

� �

:

Then, the average distance travelled by an intermediate

node before leaving the overlapping region (dI�O), given

its initial position I(xI, yI), can be found using the Mean

Value Theorem [14], this is:

dI�O ¼
1

DaI

Z aM

am

dI�O aIð ÞdaI ; ð2Þ

where

DaI ¼ aM � amj j;

Fig. 1 Example of a route involving several intermediate nodes

Fig. 2 Overlapping region of two adjacent nodes
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aM ¼ arctan
yB � yI

xB � xI

� �

; am ¼ arctan
yA � yI

xA � xI

� �

and

aM ¼ arctan
yA � yI

xA � xI

� �

; am ¼ arctan
yB � yI

xB � xI

� �

:

Therefore, the average distance travelled by an

intermediate node before leaving the overlapping region

would be:

dI�O ¼
1

DaI

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 þ b2
p

cos aI þ dð ÞjaI¼aM

aI¼am

þ
Z aM

am

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � a2 þ b2ð Þ cos2 aI þ dð Þ½ �
p

daI

�

: ð3Þ

In this analysis, we consider the angle aI as an independent

random variable uniformly distributed over the interval (DaI)

given by the difference between its maximum and minimum

values (aM and am, respectively). As well as the parameters a,

b and d, the angles am and aM, must be computed separately

for the link between source node–intermediate node and for

the link between intermediate node–destination node.

Figure 3(a), (b) show the angles involved in the links

between source node–intermediate node and intermediate

node–destination node, respectively. Figure 3(c) shows

some trajectories followed by an intermediate node from its

initial to final positions. Each line in Fig. 3(c) represents a

different trajectory.

Because it does not seem possible to integrate Eq. 3

algebraically, we use an approximation by replacing the

square root in the integrand with a binomial series [14] and,

after some algebra, it can be simplified as shown:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � a2 þ b2ð Þ cos 2 aI þ dð Þ½ �
p

� R 1�
X

j¼1

1
kj u aIð Þð Þ j

 !

where

u aIð Þ ¼ cos 2 aI þ dð Þ

and

kj ¼
1

jð Þ!
a2 þ b2

R2

� � j
Y

j

l¼1

3

2
� l

� �

" #

then

R

Z aM

am

1�
X

j¼1

1
kj u aIð Þð Þ j

 !

daI

¼ R aI jaM

am
�
X

j¼1

1
kj

Z aM

am

cos 2j aI þ dð ÞdaI

 !

: ð4Þ

The range of convergence for the binomial series used in

the previous approximation is given by (a2 ? b2) \ R2. It

is worth mentioning that the accuracy of the approximation

is degraded as (a2 ? b2) ? R2, which corresponds to the

case when the nodes are located very close to the boundary

of the overlapping region. In this case the approximation

has to be used with care.

After replacing the integral found in Eq. 3 by 4, an

approximation of the average distance will be:

dI�O�
1

DaI

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 þ b2
p

cos aI þ dð ÞjaI¼aM

aI¼am

þR aI jaM

am
�
X

j¼1

1
kj

Z aM

am

cos 2j aI þ dð ÞdaI

 !

�

: ð5Þ

The average sojourn time for a forwarding node within

the overlapping region (TI) is directly proportional to the

average distance travelled by the intermediate node (dI�O),

and inversely proportional to its speed of movement (vI).

Therefore:

(a)

(b)

(c)

Fig. 3 a Angles involved while modeling link duration of source–

intermediate node. b Angles involved while modeling link duration

of intermediate node–destination. c Some trajectories followed by an

intermediate node from its initial to final positions
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TI ¼
dI�O

vI
: ð6Þ

This sojourn time defines the route duration for the 3-

node route.

In Eq. 5 we can remove dependence on the initial

position I(xI, yI) by averaging the distance over all possible

initial positions within the overlapping region, i.e.,

DI�O ¼
Z yM

ym

Z xM

xm

fxIyI
xI ; yIð ÞdI�O xI ; yIð ÞdxIdyI ð7Þ

where fx_IyI (xI, yI ) represents the joint probability density

function for the random variables xI and yI. This PDF

depends on the spatial layout of intermediate nodes.

In order to illustrate the impact of the intermediate

node’s position on 3-node route duration, we conducted a

series of calculations, using previous equations to evaluate

the average distance (dI�O) and its standard deviation (rI-

O) for a set of 1,000 intermediate forwarding nodes ran-

domly placed in different positions inside the overlapping

region. For each forwarding node, the average distance is

obtained by using Eq. 5 and the standard deviation is

evaluated using 3,600 values of the travelled distance

obtained by Eq. 1. Each node was considered to move

along 3,600 rectilinear trajectories, with a 0:1� difference.

Figure 4(a), (b) show the average distance (dI�O) and its

standard deviation (rI-O), respectively. The oval-like shape

on the XY plane of Fig. 4(a), (b) represents the overlapping

region. In these figures, it is clear that the values of average

distance and standard deviation depend on the position

where the forwarding node is initially located. The closer

the intermediate node is found to the border of the over-

lapping region, the lower the average distance (i.e., shorter

route duration), and the higher its standard deviation. This

behavior can be explained because, whenever the for-

warding node is close to the boundary of the region, it will

experience either very short times (i.e., when it leaves the

overlapping region right away) or long times (i.e., when it

crosses a large section of the overlapping region before

leaving it).

We conducted similar tests considering four regular

shapes of the overlapping region (i.e, oval, square, circular

and rectangular) with equal areas. We found the same

trends as the ones depicted in Fig. 4(a), (b). However,

independently of the shape, the bigger the overlapping

region the longer the average sojourn time of the inter-

mediate node in the overlapping region.

From the 3-node static case, we can conclude that the

initial positions of source, intermediate and destination

nodes impact route duration in MANETs. Also, the size of

the overlapping region is a crucial factor that affects route

duration. This justifies that route duration analysis should

include node position and overlapping region size.

4 Route duration model

As described above, each intermediate node must be found

inside the respective overlapping region, formed by the

intersection of the coverage zones between their adjacent

route neighbors, see Fig. 1. In this work, we consider that

the coverage zone is circular and all nodes use the same

transmission range (R meters). Note that the size of each

overlapping region changes for different intermediate

Fig. 4 a Average distance distribution as a function of the initial

position of the intermediate node. b Standard deviation distribution as

a function of the initial position of the intermediate node
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nodes, thus the sojourn time of each intermediate node

within this region can vary significantly. To include all

these considerations in the analysis, it would be necessary

to consider the mobility model that describes the move-

ment behavior followed by mobile nodes in the network. It

would also be necessary to take into consideration all

possible initial positions and node trajectories. It is clear

that to note this would imply an extremely complex anal-

ysis because the size and location of the overlapping region

are constantly changing as time passes in a mobile ad-hoc

network.

Figure 1 shows a multi-hop route from a source node S

to a destination node D involving several forwarding

nodes. Each circle in Fig. 1 represents the constant trans-

mission range for each node in this route.

In this paper, we follow a method in which we first

compute the PDF of route duration for routes formed by 3

mobile nodes only (triplets). Section 5 shows a general

method to obtain the average route duration of routes

formed by N intermediate mobile nodes.

4.1 PDF for routes with 3 mobile nodes

We here analyze 3-node routes with all mobile nodes.

Based on this specific scenario, we analyze how the rela-

tive movement of nodes affects route duration. We then

determine the Probability Density Function (PDF) that

describes the probability that a 3-node route could last a

time longer than a given value. Based on this PDF, it is

possible to find the average route duration for routes

formed by several intermediate nodes, as will be shown in

Sect. 5. This PDF can be determined by analytical or sta-

tistical methods depending on the mobility model followed

by mobile nodes in the network.

In this section, we model how long it takes for the

intermediate node to exit the overlapping region. But, in

this case, we consider all nodes to be moving according to

a random-based mobility model. In this kind of model,

mobile nodes move randomly and freely without any

restriction. To be more specific, the speed, destination and/

or trajectory are all chosen randomly, independent from

other nodes. This kind of model has been used in many

simulation studies. In this section, we consider two ran-

dom-based mobility patterns, i.e., the Random WayPoint

and Random Walk models. However, other mobility pat-

terns can also be considered, as long as the associated route

duration PDF is provided.

4.1.1 Random WayPoint

Due to its simplicity and wide availability in network sim-

ulators, the Random WayPoint Model (RWP) is one of the

mobility models most commonly used to evaluate MANET

performance. For instance, in the network simulator NS-2

[8], the setdest tool may be used to generate RWP traces.

There are two versions of this tool. In version 1, various

parameters are established, i.e., the number of mobile nodes,

pause time, maximum speed, simulation time and size of the

simulation field. In version 2, other parameters are added or

changed, i.e., speed type, minimum and maximum speeds

and pause type.

The implementation of this mobility model is as follows:

as the simulation starts, all nodes are randomly placed

within the network area. Then, each mobile node randomly

selects one location in the simulation field as the first des-

tination point. It then travels towards this destination point

with a constant velocity chosen uniformly and randomly

from [0,Vmax] or [Vmin, Vmax] (depending on the setdest

version), where the parameters Vmin and Vmax are the min-

imum and maximum allowable velocities for every mobile

node, and Vmin \ Vmax. The velocity and direction of each

node are chosen independently from other nodes. Upon

reaching its destination point, each node stops for an

interval, defined by the pause time parameter Tpause. If

Tpause = 0, this leads to continuous mobility. As soon as the

pause time expires, each node chooses another destination

point and moves towards it with a different speed. The

whole process is repeated again until the simulation ends.

It is important to point out that the scenarios considered

in this work can be made more complex in many different

ways. In this work, however, we have mainly attempted to

study the effect of mobility patterns and spatial layout of

nodes on route duration. For this reason, we did not

conduct experiments with heterogeneous speeds since we

consider that, by itself, this is material of future work.

Nevertheless, at this point we would like to mention that

other authors have investigated this very same issue in the

cases where each node chooses a speed at random between

Vmin and Vmax. For instance, the authors in [13], calculated

M as the measure of relative speed averaged over all node

pairs and over all time. Using this mobility metric, it is

possible to roughly measure the level of nodal speed and

differentiate the different mobility scenarios based on the

level of mobility. Additionally, the authors of [2] showed

that the Average Relative Speed increases linearly and

monotonically with the maximum allowable speed. Based

on these results we speculate that our scenario would be

equivalent to one with random speed and an average rel-

ative speed whose value equals the constant value we

used.

4.1.2 Random Walk

The Random Walk Model (RW) has similarities with the

RWP model because the node movement has strong ran-

domness in both models. However, in the RW model,
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nodes change their speed and direction at specific intervals

only. In the RW model, each change of trajectory occurs

after a fixed time interval tx or after a fixed traveled dis-

tance dx, at the end of which a new direction and speed are

calculated. For every new interval, each node randomly

and uniformly chooses its new direction h(t) from (0, 2p].

In a similar way, the new speed v(t) follows a uniform

distribution or a Gaussian distribution within [Vmin, Vmax].

Therefore, during the interval, a node moves with a

velocity vector (v(t) cos h(t), v(t) sin h(t)). Also, there is a

discrete version of the RW mobility model where the tra-

jectory randomly changes among four different angles

only, [0, p/2, p,3p/ 2]. This version can be used to emulate

a node moving on a reticulated area.

The RW model is a memory-less process, because the

information about the previous status is not used for future

trajectory decisions. That is to say, the current velocity is

independent from the previous velocity and the future

velocity is also independent from the current velocity.

However, that is not the case of mobile nodes in many real

life applications.

4.1.3 PDF generation

As aforementioned, we need to model how long it takes for

the intermediate node to exit the overlapping region in a 3-

node route. But, in this case, we consider that all nodes in

the 3-node route move according to a random-based

mobility model (RWP or RW mobility models). Let us

identify the source, intermediate and destination nodes with

indexes S, I and D, respectively. Let us denote such index

with k, thus k = S, I or D. Each node’s position is

described by the coordinates xk tð Þ; yk tð Þð Þ: Let v~k tð Þ be the

velocity vector of node k, i.e.,

v~k tð Þ ¼ vxk
tð Þ½ �̂ıþ vyk

tð Þ
� �

|̂ ð8Þ

where ı̂ and |̂ are the unit vectors.

Each node k moves according to a random-based

mobility model, then it follows a trajectory sloped at ak

degrees and it moves at a speed vk for a period of time that

depends on the mobility model (for the RWP model, any

node keeps moving with the same direction and speed upon

reaching its destination; for the RW model, any node keeps

moving with the same direction and speed for a constant

travelled distance). The behavior of ak and vk, as time

passes, would be described according to the selected

mobility model. Then, the velocity vector for node k

(v~k tð Þ), would be given by:

v~k tð Þ ¼ vk cos akð Þ½ �̂ıþ vk sin akð Þ½ �|̂ ð9Þ

where

v~k tð Þj j ¼ vk m=s½ �:

Now, let r~k tð Þ be the vector that describes the position of

node k, that is:

r~k tð Þ ¼ r~k 0ð Þ þ
Z t

o

v~k tð Þdt ð10Þ

where the initial vector position of node k, r~k 0ð Þ is given by

r~k 0ð Þ ¼ xk 0ð Þ̂ıþ yk 0ð Þ|̂:

It is important to point out that in the general case, the

slope of trajectory, given by ak, is not constant with respect

to t. However, in this analysis we are considering that the

probability of having direction changes is negligible (a

node moving in the overlapping region will not change its

current direction). If direction changes are rare events, ak

can be considered as constant in the analysis of a node

roaming in the overlapping region and Eq. 10 reasonably

holds.

Substituting Eq. 9 in 10, we get:

r~k tð Þ ¼ vkt cos akð Þ þ xk 0ð Þ½ �̂ıþ vkt sin akð Þ þ yk 0ð Þ½ �|̂;
ð11Þ

which can be represented by

r~k tð Þ ¼ xk tð Þ½ �̂ıþ yk tð Þ½ �|̂; ð12Þ

where

xk tð Þ ¼ vkt cos akð Þ þ xk 0ð Þ

is the abscissa of position of node k and

yk tð Þ ¼ vkt sin akð Þ þ yk 0ð Þ

is the ordinate of position of node k.

Now, let dS-I(t) be the distance between the source and

intermediate nodes and let dI-D(t) be the distance between

the intermediate and destination nodes. Distances dS-I(t)

and dI-D(t) can be found by the Euclidean distance for-

mula, so:

dS�I tð Þ ¼ r~I tð Þ � r~S tð Þj j ð13Þ
dI�D tð Þ ¼ r~D tð Þ � r~I tð Þj j: ð14Þ

When either distance dS-I(t) or dI-D(t) exceeds the

transmission range (R), the communication between the

respective adjacent node pair [S, I] or [I, D] is interrupted.

Route disruption happens when either:

dS�I tð Þ�R ð15Þ

or

dI�D tð Þ�R: ð16Þ

Let T[S, I] and T[I, D] be the rupture time of

communication between adjacent node pairs [S, I] and [I,

D], respectively. Then, route duration time (TI), for a 3-

node route, will be found by:

TI ¼ min T½S;I�; T½I;D�
	 


: ð17Þ
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Figure 5 illustrates the position and velocity vectors of a

route with 3 mobile nodes (source S, intermediate I and

destination D). This figure shows the position of the

corresponding nodes (S, I and D) at instant t when each

node moves in the direction described by its velocity

vector.

In order to get an average value of route duration for any

route, it would be necessary to consider all possible tra-

jectories and initial positions for the three nodes involved

in the route. It is clear to note that this case is far more

complex to analyze than the 3-node static case because the

size and location of the overlapping region are constantly

changing as time passes and, consequently, the factor h

varies in the same way.

Route duration is given by the minimum time that each

forwarding node remains inside of its associated overlap-

ping region (using Eq. 17. In order to obtain a

mathematical model to calculate the average duration of a

given route formed by 3 nodes, we constructed different

histograms using the data provided by Eq. 17. Each his-

togram represents the relative frequency of time durations

of a set of routes for a specific initial h value which cor-

responds to a particular overlapping region. Additionally,

each histogram considers all possible initial positions of the

intermediate node and all the possible initial trajectories

followed by the three nodes, according to the selected

random-based mobility model.

In this study, we analyze the cases for three initial h

values corresponding to different overlapping regions.

These values are h = R/10, 0.28R, R/2 [m]. An overlapping

region with an initial h = R/10 takes into account an

overlapping region with a small size. On the other hand, an

overlapping region with h = R/2 represents the maximum

size of the overlapping region. Finally, h = 0.28R [m]

corresponds to a typical overlapping region. The later value

was obtained by means of an exhaustive analysis of 10,000

routes formed by 3 nodes (triplets). These routes were

selected from all possible triplets found from a set of nodes

randomly placed into several network scenarios with dif-

ferent size and node densities. The triplets were discovered

using the Dijkstra’s Shortest Path Algorithm [7]. The

shortest route between any pair of the nodes will be formed

by the set of intermediate nodes with the minimum number

of links (hops). The routes discovered by this procedure are

independent from any routing protocol or simulation soft-

ware. In fact, it is expected that an efficient routing

protocol will find such routes.

In order to obtain these histograms, we developed a

statistical analysis, following this procedure: (1) At time

zero, we selected source and destination nodes so the size

of the overlapping region (described by the factor h) was

constant. (2) A node was randomly placed as forwarding

node between source and destination. (3) We assigned

random trajectories (described by a random-based mobility

model) for the three nodes involved and let the nodes move

at a constant speed vk = 1 [m/s]. (4) We used Eq. 6 to

calculate the instant when the distance between either

source-forwarding nodes or forwarding-destination nodes

exceeded the transmission range R. (5) we repeated the

same procedure 10,000 times for multiple positions and

trajectories of the three nodes. This number of experiments

was necessary in order to obtain an experimental PDF

function whose statistical properties did not change sig-

nificantly with more experiments. However, we found that

performing more experiments did not significantly change

the results.

In Fig. 6(a)–(c), we show the histograms for the three

different values of h for the RWP mobility model. Each

histogram graphically summarizes and displays the relative

distribution of the data set provided by Eq. 17. The vertical

axis of each histogram represents the relative frequency (the

number of data that corresponds to a specific route duration

time interval divided by the total number of data). The

horizontal axis of each histogram corresponds to the route

duration time, divided into intervals of 1 second each. As

shown in Fig. 6(a)–(c), there is a relationship between the

size of the overlapping region and the relative frequency of

route duration times. Longer route duration happens more

frequently when the overlapping region is larger. In a

similar way, in Fig. 7, we show the histogram for a typical h

value (h = 0.28R [m]) but for the RW mobility model.

These histograms can be converted to Probability Den-

sity Functions (PDFs). We use a curve fitting method to

find the mathematical expression that represents these

PDFs. For the RWP mobility model, we selected two

truncated Gaussian distributions. On the other hand, for the

RW mobility model, we use two exponential distributions.
Fig. 5 Position and velocity vectors for source, intermediate and

destination nodes
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These distributions were used as it was experimentally

found that they accurately represent the histograms (see

solid curves in Figs. 6(a)–(c), 7). Based on these distribu-

tions, the PDFs could be expressed as:

fTI
ðtÞ ¼ a1e

� t�b1
d1

� �2

þ a2e
� t�b2

d2

� �2

; t [ 0½s� ð18Þ

or

fTI
ðtÞ ¼ a1e�b1ðtÞ þ a2e�b2ðtÞ; t [ 0½s� ð19Þ

The first curve fitting corresponds to the RWP mobility

model. where, parameters ai, bi and di, for i = 1,2, were

found by using the Robust Non-Linear Least Squares

Fitting Method applying the Trust-Region Algorithm. A

parameter of goodness of fit for this curve fitting method is:

R-Square & 0.99. Table 1 shows the values of the

statistical parameters ai, bi and di obtained for three

initial values of h = {R/10, 0.28R, R/2} [m]. The second

curve fitting corresponds to the RW mobility model. where,

parameters ai and bi, for i = 1,2 were found by using the

same method. Table 2 shows the values of the statistical

parameters ai and bi obtained for an initial value of

h = 0.28R [m]. Given a different initial h value, it is

possible to find its parameters.

It is important to point out that this model considers all

possible initial positions of the forwarding node and all

possible initial trajectories followed by the source, inter-

mediate and destination node, for a specific h value when

the route was created.

From this section, we can conclude that the 3-node

mobile case allows us to observe how the relative move-

ment between source, intermediate and destination nodes

affects route duration in MANETs.

Fig. 6 Results with the Random WayPoint mobility model (a) PDF

for h = R/10 [m], (b) PDF for h = 0.28R [m], (c) PDF for h = R/2

[m]

Fig. 7 Probability Density Function for h = 0.28R [m] using RW

Table 1 Statistical parameters for PDFs for RWP model shown in

Fig. 6(a)–(c)

PDFs statistical parameters

h [m] a1 b1 d1 a2 b2 d2

R/2 0.0050 0.0000 155.00 0.0013 125.00 160.00

0.28R 0.0095 0.0000 95.000 0.0012 200.00 95.00

R/10 0.0245 0.0000 45.000 0.0010 200.00 200.00

Table 2 Statistical parameters for PDFs for RW model shown in

Fig. 7

PDFs statistical parameters

h [m] a1 b1 a2 b2

0.28R 0.00515 0.05867 0.00068 0.00096
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5 Route analysis of K-node routes

The previous section showed how the relative movement

between source, intermediate and destination nodes affects

route duration in MANETs. Finally, in this section, we will

analyze a general case considering a route formed by K

nodes, K C 3.

For convenience, we will not use the notation of nodes that

we used previously. Each node will be identified by an

integer number k, (k = 0,1,2,…,K - 1, where the source

node is k = 0 and the destination node is k = K - 1). Thus,

the route will have N = K - 2 intermediate nodes. There-

fore, we could use Eq. 17 to calculate the time interval during

which each forwarding node remains inside its associated

overlapping region, but replacing the indexes S, I and D for

the corresponding k values of each node of the N triplets and

by computing route duration as the minimum value of the N

time intervals. This case, however, would be even more

complex to analyze than a 3-node case because the over-

lapping region associated to each intermediate node has a

different size and position that are changing as time passes.

In order to simplify the analysis of routes involving N

intermediate nodes, we propose a method to estimate the

average route duration for a route formed by K nodes by

taking N samples of a single PDF, defined by Eq. 18 or 19

and using the typical overlapping region size only

(h = 0.28R [m]). By using this method, we are assuming

that the times that the intermediate nodes remain in their

overlapping regions are mutually independent. Therefore,

it is valid to divide the route into N simpler 3-node-mobile

routes or triplets.

The PDF samples generate N random variables, given by

[T 01; T
0
2; . . .; T 0N ]. Then, we compute the duration of a route

involving K nodes, T 0RK
; as:

T 0RK
¼ min T 01; T

0
2; � � � ; T 0n; � � � ; T 0N

	 


: ð20Þ

n ¼ 1; 2; . . .;N; N ¼ K � 2

where

T 0n: are independent and identically distributed random

variables, each one representing the time that the

intermediate node remains in its corresponding overlap-

ping region.

n: identification number of each intermediate node.

N: maximum number of intermediate nodes in the route.

We developed an exhaustive study for different routes

with N intermediate nodes using Eq. 20 and we estimated

the average route duration on each case. In the following

section, we show the results obtained from this study. We

also demonstrate the precision of the proposed method, by

comparing it with simulations and other analytical models

found in the literature.

We should say that another method to compute route

duration would be to select a different PDF associated to

the exact h value for each intermediate node in the route

and then sample it. However, we found that sampling one

PDF only, with a typical h value (h = 0.28R [m]), provides

a good precision compared with simulations.

We also performed experiments with a model consisted

of 3 PDFs related to the h values R/10, 0.28R and R/2. We

found that, using a 3-PDF model, slightly increases the

precision of the average route duration computation. We,

therefore, consider that using this method is not justified

because it has a higher complexity with a negligible

improvement.

6 Simulation and results

Before showing the results we obtained from the proposed

model, we want to show some tests we developed to

verify how the NS-2 network simulator behaves. First, we

started a simulation test, without any modification, to

verify that the intermediate nodes, chosen by the routing

protocol as forwarding nodes in routes of three nodes,

were randomly distributed within the overlapping region.

In these simulations we used Ad-hoc On Demand Dis-

tance Vector (AODV) as the routing protocol. Figure 8(a)

graphically shows the random location of forwarding

nodes (each intermediate node is represented by a little

circle).

We then performed a series of simulation tests to vali-

date the proposed model. Several scenarios were created

using the NS-2 simulator. The simulation settings consisted

of a network in a rectangular area with the following

dimensions Xsc = 2000 [m] and Ysc = 2000 [m] with 400

nodes. In this case, we considered the transmission range

defined by the IEEE 802.11 standards (i.e., R = 250 [m]).

Table 3 summarizes the main parameters of our simulation

scenarios.

6.1 Simulation and results with random WayPoint

We selected a large network size to minimize the proba-

bility of having trajectory changes in any intermediate node

within the overlapping region while they move according to

the RWP mobility model. The probability that an interme-

diate node changes its trajectory within its associated

overlapping region, can be found by: PI ¼ Aor hð Þ
Asc

; where

Aor hð Þ ¼ 2R2arccosðR�h
R Þ � 2ðR� hÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � ðR� hÞ2
q

is

the area of the overlapping region and Asc = XscYsc is the

rectangular area of the scenario. If we consider our network

settings, we would have PI \ 1%.
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We simulated 3-node static and mobile cases by placing

source and destination nodes with a fixed initial position,

such that h = (0.28)R. As explained before, this value of h

represents a typical overlapping region. Finally, we regis-

tered how long it took for a set of intermediate nodes, chosen

randomly as forwarding nodes, to leave the overlapping

region. Figure 8(b) shows the initial positions and trajecto-

ries followed by each intermediate forwarding node before

leaving the overlapping region in a 3-node route, when

source and destination are static. The initial positions are

represented by little circles and trajectories are represented

by line segments with variable length. From Fig. 8(b), it is

clear to note that the initial positions and trajectories of the

intermediate nodes, as well as the size of the overlapping

regions are among the factors affecting route duration.

We developed another set of simulations in order to

discover several routes involving K mobile nodes with N

intermediate nodes while moving according to the Random

WayPoint mobility model. We then let the simulation run

until the first intermediate node left the route and we reg-

istered the time interval the route was available (i.e., TR =

TF - TD; where TR: route duration time, TF: route failure

time, TD: route discovery time). We performed 1,000

simulations using these routes to obtain sufficient data to

validate the proposed model. We used the results provided

by this set of simulations to generate the simulation curve

presented in Fig. 9.

From Fig. 9, we can see that relative errors between the

proposed model and simulation data were found around 20%

for routes with 2 intermediate forwarding nodes, whereas

relative errors oscillated between 6% and 3% for routes with

4, 8 and 16 intermediate nodes. We consider that the main

reason why relative errors are larger for routes with small N

is due to the variability of overlapping regions at time zero

that we did not consider, since, we only used a typical value

of h in the model; whereas relative errors for routes with

larger values of N are smaller because the average h value for

their overlapping regions is closer to the typical value we

used. It is important to point out that the fact of having a

maximum margin of error of 20% may be acceptable for

many applications due to the complexity of this problem. As

we expected, Fig. 9 shows that the time duration of routes

decreases as the number of intermediate nodes increases. It

is important to point out that the precision improves as the

number of intermediate nodes increases.

In addition, Fig. 9 compares the results presented in this

study with the analytical model presented by Yu et al. [21].

We selected this study, because we considered that the

authors were addressing the same problem and provided a

solution through different approaches. They also presented

Fig. 8 a Spatial layout of initial positions of some intermediate

nodes. b Trajectories followed by each intermediate nodes according

to RWP mobility model

Table 3 Simulation parameters

Simulation parameters

Parameter Value

Range of transmission (R [m]) 250

Simulation area length (Xsc [m]) 2000

Simulation area width (Ysc [m]) 2000

Number of nodes (M) 400

Routing protocol AODV

Mobility models RWP / RW

Speed (vk [m/s]) 1
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analytical expressions and displayed curves related to route

duration, so they can be easily compared with our model.

In [21], Yu et al. provided a graph with normalized values

of average route duration time versus number of hops in the

route. In this study, the authors indicated that normalized

values of average route duration time must be multiplied by

factor (R/v) to adjust them to any specific scenario. A

comparison between this analytical study and our model is

presented in Fig. 9. Figure 9 clearly shows that the pro-

posed model has a greater accuracy than the one in [21].

Also, in Fig. 9 we compare the proposed model with the

empirical study presented by Bai et al. in [3]. In [3], the

authors propose an approximate function to estimate route

duration (i.e., TR � R
ðk0NhvÞ ; where TR: route duration, R:

transmission range, k0: experimental parameter (deter-

mined by network layout, node density and other

parameters related to mobility models or scenarios), Nh:

number of hops, v: speed) but they did not justify this

function with any mathematical means. A comparison

between this experimental study and our model is also

shown in Fig. 9. It is clear that the proposed model has

better accuracy than the function proposed in [3].

To give more validity to the proposed model and results,

we repeated previous simulations but with a higher node

density scenario (i.e., 1000 [m] 9 1000 [m] network with

300 nodes). It is important to note that we obtained con-

sistent results with this simulation scenario within 5%

variations with respect to the results shown in Fig. 9.

6.2 Simulation and results with Random Walk

In a similar way, we also developed a set of simulations in

order to discover several routes involving K mobile nodes

with N intermediate nodes while moving according to the

RW mobility pattern. Also, we let the simulation run until

the first intermediate node left the route and we registered

the time interval the route was available. We performed the

same number of simulations (1,000 simulations) using

these routes to obtain sufficient data to validate the pro-

posed model. We used the results provided by this set of

simulations to generate the simulation curve presented in

Fig. 10.

In Fig. 10, we compare our results with the analytical

model for RW mobility pattern presented by Tseng et al.

Briefly, in [18], the authors presented a graph with the

expected values of route duration versus route length and

we used these results to compare them with our model and

simulations. A comparison between this analytical study

and the proposed model is presented in Fig. 10. Clearly, it

shows that the proposed model outperforms the one pro-

vided by [18].

7 Conclusions

In this paper, we proposed a model to estimate route

duration in wireless ad-hoc networks when nodes move

according to a random-based mobility model. This model

analyzes a route formed by N intermediate nodes. First, we

approached this problem by studying simpler 3-node

routes. From the 3-node static case, we demonstrated that

the initial positions of source, intermediate and destination

nodes have a great impact on route duration in MANETs.

From the 3-node mobile case, we were able to obtain the

PDF of route duration of 3-node routes for Random

WayPoint and Random Walk models. Finally, we showed

Fig. 9 Average route duration

versus number of intermediate

nodes for Random WayPoint

mobility model
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that, regardless of the mobility pattern considered, route

duration of routes formed by N intermediate nodes can be

computed as the minimum route duration of N 3-node

routes. Theoretical analyses and simulations were devel-

oped to validate this study. In general, simulation results

were very close to the results obtained by the proposed

model with an acceptable margin of error. Results from this

work can be used to compute the overhead signaling of

unicast and multicast routing protocols for mobile ad-hoc

networks because every time a route fails, the routing

protocol needs to either repair the route locally or find a

new route. This route duration model can be used to scale

the maximum network size up/down so as to meet mini-

mum route duration requirements in order to ensure a

satisfactory communication. In future work, we plan to

study the behavior of the proposed model with different

mobility models, variable speeds and other heterogeneous

conditions. Additionally, we could investigate the rela-

tionship between route duration and system performance

(throughput and overhead), since this has not been estab-

lished yet.
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